The relationship between occupancy of thrombin receptors on platelets and enhanced phosphoinositide hydrolysis was analysed by examination of the dose-response relationship, the effects of thrombin inhibitors and the contribution of secondary effects. Washed human platelets were labelled with [3H]inositol, and agonist-induced accumulation of labelled inositol phosphates was measured.
INTRODUCTION
Agonist-induced hydrolysis of phosphatidylinositol 4,5-bisphosphate has been postulated to be an important event that mediates receptor activation and cellular responses in many types of cells. The phospholipase C-catalysed breakdown of phosphatidylinositol bisphosphate generates two putative second messengers, diacylglycerol and InsP3, which can activate protein kinase C and mobilize intracellular Ca2+ respectively (for reviews see Berridge, 1984; Berridge & Irvine, 1984; Nishizuka, 1984) .
If the hydrolysis of phosphoinositides (presumably by activation of phospholipase C) is coupled directly to receptors, it would be the obvious parameter for the study of agonist-receptor interactions. It is not clear, however, that the agonist-induced activation ofphosphoinositide hydrolysis is mediated directly by the same receptor-effector process that initiates other platelet responses. Phosphoinositide hydrolysis could be only a secondary consequence of platelet activation, or it could involve a separate receptor. Rittenhouse (1984) concluded that phosphoinositide hydrolysis induced by the ionophore A23 187 was completely dependent on generation of secondary agents, and Holmsen et al. (1981, 1984) concluded that thrombin-induced phosphoinositide hydrolysis was closely correlated with acid hydrolase release, but not with dense-granule secretion. Because acid hydrolase release is a late response in terms of strength of stimulus and period of exposure to stimulus, and because there is evidence for more than one type of thrombin receptor on platelets (McGowan & Detwiler, 1986) , this leaves open the question whether phosphoinositide hydrolysis is coupled directly to receptors responsible for other platelet responses.
Thrombin is the most potent physiological platelet agonist (Berndt & Phillips, 1981) . A receptor has not been identified, and the nature of the interaction of thrombin with its putative receptor is not known. One difficulty is the absence of a direct assay. As an assessment of the relationship between occupancy of thrombin receptors and hydrolysis of phosphoinositides, we have examined the thrombin dose-response relationship and the contribution of secondary effects. The thrombin-concentration-dependence and the time course for phosphoinositide hydrolysis were similar to those for activation of other platelet responses, such as secretion. The continuous presence of active thrombin was required to maintain phosphoinositide hydrolysis. Although hydrolysis could be sustained, the thrombin receptor became desensitized. Methods Human platelets were prepared from 200 ml of blood collected into acid/citrate/dextrose (Aster & Jandl, 1964) anticoagulant by venipuncture of healthy donors who had not taken any drugs for at least 2 weeks. Platelet-rich plasma was obtained by centrifugation of the blood at 300 g for 20 min. After addition of 0.3 /iM-prostaglandin E1, platelets were collected by centrifugation at 1000 g for 20 min. The platelets were suspended in 10 ml of a modified Ca2+-free Tyrode-Hepes buffer (134 mMNaCl/ 12 mM-NaHCO3/3 mM-KCl/0.34 mM-sodium phosphate/2 mM-MgCl2/5 mM-Hepes/5 mM-glucose/ 10mM-citrate/ImM-EGTA, adjusted to pH7.4) containing 75 ,uCi of [3H]inositol/ml. After incubation for 2 h at 37°C, the platelets were collected by centrifugation (1000 g for 20 min) and resuspended in the above buffer without citrate and EGTA but with 2 mg of albumin/ml. This final suspension contained about 5 x 108 platelets/ml.
Activation of platelets with thrombin or collagen was carried out with 1 ml of platelet suspension in a 5 ml cuvette at 37 'C. At the indicated times, reactions were stopped by addition of an equal volume of 10% (w/v) Labelled inositol phosphates were extracted with 10% trichloroacetic acid and separated on AG1-X8 anionexchange columns. The procedures were essentially the same as those used by Downes & Michell (1981) ; details have been described (Huang & Detwiler, 1986a) .
Dense-granule secretion was monitored by a continuous recording of the concentration of extracellular ATP measured by the luminescence produced by its reaction with luciferin and luciferase (Detwiler & Feinman, 1973b) . The measurements were made with a Lumiaggregometer (Chronolog). Details of this procedure have been described (Charo et al., 1977) . (Tam et al., 1980; McGowan & Detwiler, 1986 (Detwiler & Feinman, 1973a) , whereas some metabolic responses have been reported to require the continuous presence of active thrombin (Holmsen et al., 1981 (Holmsen et al., , 1984 (Holmsen et al., 1981 (Holmsen et al., , 1984 . We tested the requirement for continuous occupancy of the thrombin receptor by observing the effects of addition of an excess of hirudin, a high-affinity inhibitor that causes the immediate dissociation of thrombin from saturable sites on platelets (Tam & Detwiler, 1978; Tam et al., 1979) . The effects of hirudin on the thrombin-induced accumulation of inositol phosphates are shown in Fig. 2 . Hirudin had a somewhat different effect on each of the intermediates; it caused a return toward the basal amount of InsP3, a slight decrease in the amount of labelled InsP2 and a slowed accumulation of InsP. This demonstrates the need for the continuous presence of active thrombin to sustain phosphoinositide hydrolysis.
RESULTS

Thrombin
Because the measured accumulation of labelled inositol phosphates reflects a steady-state value rather than a total amount produced, it is not possible to define the relationship between the period of receptor occupancy and the magnitude of the response from the data in Fig. 2 . We therefore did similar experiments with platelets that had been incubated with Li+, which we have shown to inhibit InsP phosphatase in platelets, effectively trapping all inositol phosphates as InsP (Huang & Detwiler, 1986a) . By exposure of platelets to thrombin for various times before addition ofhirudin, we were thus able to determine the cumulative amount of labelled phosphoinositides hydrolysed as a function of time of receptor occupancy (Fig. 3) . Accumulation of labelled inositol phosphates increased with time of exposure to active thrombin, approaching a plateau by 5 min. Desensitization of thrombin-induced hydrolysis of phosphoinositides
The decreasing phosphoinositide response with longer periods of exposure to the stimulus (Figs. 2 and 3 ) suggests either that the cell has become 'desensitized' to the stimulus or that the response has been exhausted. We tested this by comparison of the responses to thrombin or collagen added to control or to thrombin-pretreated platelets (Fig. 4) . The pretreated platelets failed to show an increased accumulation oflabelled inositol phosphates in response to a second addition of thrombin (Fig. 4 , closed symbols). The response to collagen (Fig. 4, & Detwiler, 1986b) . Rittenhouse (1984) reported that activation of phospholipase C in platelets activated with ionophore A23187 was entirely dependent on such secondary agonists. We therefore considered the possibility that part ofthe thrombin-induced phosphoinositide hydrolysis resulted from secondary effects rather than from direct coupling to a thrombin receptor.
ADP neither induced appreciable increases in inositol phosphates nor potentiated the thrombin-induced accumulation of labelled inositol phosphates, but inclusion ofthe ADP-scavenger enzyme systems, phosphocreatine/ creatine kinase (Fig. 6) or apyrase, decreased the sensitivity of platelets to thrombin-induced phosphoinositide hydrolysis. Endoperoxide/thromboxane mimics have been reported to elicit a weak phosphoinositide response in platelets , but inhibition ofplatelet endoperoxide/thromboxane synthesis by indomethacin had no effect on thrombin-induced accumulation of labelled inositol phosphates (Fig. 6 ). We noted, however, that addition of hirudin to thrombin-activated platelets caused a more immediate arrest of accumulation of InsP3 in the presence of the cyclo-oxygenase inhibitor (results not shown), revealing a slight contribution of endoperoxide/thromboxane to the overall thrombin-induced accumulation of labelled inositol phosphates. We conclude that these secondary agonists, ADP and endoperoxide/thromboxane, are not essential for, but may enhance, thrombin-induced hydrolysis of phosphoinositides.
DISCUSSION
There is suggestive evidence that in many types of cells the activation of phospholipase C, leading to the production of InsP3 and diacylglycerol, mediates cellular responses to various agonists (for reviews see Berridge, 1984; Berridge & Irvine, 1984; Nishizuka, 1984) . Phospholipase C appears to be coupled to the receptors by a GTP-binding protein (Cockcroft & Gomperts, 1985; Haslam & Davidson, 1985; Litosch et al., 1985;  Uhing et al., 1986; Straub & Gershengorn, 1986 Our analysis of these data is based on two premises. First, we consider that there is a consistent relationship between the concentration of thrombin and the occupation of putative thrombin receptors. The equilibrium binding of thrombin to platelets has, in fact, been demonstrated (Martin et al., 1976) , but it has not been proved that this binding is to a functional receptor (see Berndt & Phillips, 1981; Detwiler & McGowan, 1985) . Second, we consider that the accumulation of labelled inositol phosphates in platelets pre-labelled with inositol is at least a semi-quantitative measure of the extent of phosphoinositide hydrolysis. There is, of course, no evidence that the phosphoinositides are uniformly labelled, and it is unlikely that the specific radioactivity remains constant over the longer test periods. The alternative parameters are less satisfactory. Incorporation of [32P]phosphate into ATP and then into phosphatidic acid may reflect processes in addition to phosphorylation of diacylglycerol arising from hydrolysis of phosphoinositides, and there may be competing fates of diacylglycerol. The measurement of mass of inositol phosphates by available methods is insufficiently sensitive; it requires very high concentration of platelets, and it restricts the number of measurements.
The dose-response relationships and the time courses of responses indicate that the thrombin-induced hydrolysis of phosphoinositides is mediated by a thrombinplatelet interaction that is similar to that for other platelet responses to thrombin (Fig. 1) . There is no evidence for an essential involvement of secondary agents (Fig. 6) . The shift of dose-response curves to the right by ADP-consuming enzymes suggests that ADP may enhance the effect of thrombin, but it should be noted that there is evidence that inhibition of platelet activation by ADP-removing enzymes may be due to effects other than removal of secreted ADP (Huang & Detwiler, 1980; Nunn & Chamberlain, 1983) . Furthermore, the dose-response curves themselves and, especiVol. 242 (Fig. 4) . Such agonistspecific desensitization of platelets by exposure to the agonist is well established (O'Brien, 1962; Evans & Gordon, 1974; Holme & Holmsen, 1975; Shuman et al., 1978; Hallam et al., 1982; Pollock & MacIntyre, 1986 Desensitization of platelets to thrombin has been reported previously (Reimers et al., 1973; Shuman et al., 1978; Hallam et al., 1982; McGowan & Detwiler, 1983 ), but there is little information about the mechanism. The phenomenon has been difficult to study, because the parameters of platelet activation that have been used (aggregation and dense-granule secretion) do not require the continuous action of thrombin and cannot be repeated. This has necessitated rather complex experimental systems or very low (sub-threshold) concentrations of thrombin in order to demonstrate the desensitization. A potentially sustainable response that requires continuous stimulation, as demonstrated here for thrombin-induced phosphoinositide hydrolysis, permits a more direct and quantitative assessment of desensitization.
Desensitization of cells to a sustained stimulus has been observed with many types of cells, but in no case is the mechanism fully understood. Sibley et al. (1984a) demonstrated that desensitization of the f-receptor of turkey erythrocytes involved phosphorylation of the receptor. Phorbol esters, the tumour promotors that activate protein kinase C, were also shown to cause phosphorylation and desensitization (Sibley et al., 1984b) , and a1-receptors, which stimulate phosphoinositide hydrolysis, are phosphorylated and desensitized by incubation with phorbol esters (Leeb-Lundberg et al., 1985) . It has been reported that incubation of platelets with phorbol esters or oleoylacetylglycerol can inhibit their responses to thrombin (MacIntyre et al., 1985; Rittenhouse & Sasson, 1985; Zavoico et al., 1985 ; but see Krishnamurthi et al., 1986) , but this is not specific for thrombin (Maclntyre et al., 1985; . Although there is no evidence of phosphorylation of platelet receptors by protein kinase C, Katada et al. (1985) demonstrated protein kinase C-catalysed phosphorylation of the 40 kDa cc-subunit of the inhibitory GTP-binding protein of the adenylate cyclase system in platelet membranes.
Although GTP-binding proteins appear to mediate receptor activation of phosphoinositide hydrolysis (Cockcroft & Gomperts, 1985; Haslam & Davidson, 1985; Litosch et al., 1985; Uhing et al., 1986; Straub & Gershengorn, 1986) , it is not clear whether they are the same GTP-binding proteins as those of the adenylate cyclase system. With platelets, there is no evidence for an agonist-specific phosphorylation, nor has phosphorylation of receptors or GTP-binding proteins been demonstrated in response to platelet agonists.
